Abstract A dazzling array of enzymes is used by nature in making structurally complex natural products. These enzymes constitute a molecular toolbox that may be used in the construction and fine-tuning of pharmaceutically active molecules. Aided by technological advancements in protein engineering, it is now possible to tailor the activities and specificities of these enzymes as biocatalysts in the production of both natural products and their unnatural derivatives. These efforts are crucial in drug discovery and development, where there is a continuous quest for more potent agents. Both rational and random evolution techniques have been utilized in engineering these enzymes. This review will highlight some examples from several large families of natural products.
The abundance of natural product-producing organisms, spanning all kingdoms of life, makes them a good resource of important molecules useful to man. This includes those with pharmacological relevance, like antibiotics, anti-cancer drugs, and cholesterol-lowering statins; as well as those that are used in everyday living, as in the case of cosmetics, fertilizers, food additives, and many others. Despite the structural and functional diversities observed with natural products, there is always room for further discovery or modification of these compounds driven by the need for more potent and effective agents [26] . This is especially true in drug development, where newer-generation therapeutics are continually needed to battle ever-evolving pathogens that develop resistance to currently used drugs. In addition, structural-activity-relationship studies on bioactive natural products have revealed that even subtle modifications can result in significant increases in activities [10, 23, 40, 64] .
While organic synthesis remains a powerful tool in medicinal chemistry, the use of fermentative and biocatalytic approaches to generate and produce natural product derivatives have become more attractive, and in some cases, indispensable. The biosynthesis of natural products is accomplished by dedicated enzymes in different producing organisms. Typically, a collection of enzymes catalyzing diverse reactions are recruited into a biosynthetic pathway to assemble and decorate the complex natural products. Collectively, these enzymes can be considered nature's toolbox that can be used to generate structural and functional diversity. Because natural enzymes are typically only optimized under an evolutionary requirement towards a specific function, enzymes in natural product biosynthetic pathways are expected and have demonstrated to be highly evolvable towards utilizing unnatural substrates and gaining new functions in laboratory and industrial settings. With technological advancements in protein engineering and structural biology, it is now possible and even straightforward to remold biosynthetic enzymes towards the rational and combinatorial biosynthesis of new compounds. Some studies utilize a rational approach aided by structural information or bioinformatic analysis. On the other hand, some use directed evolution techniques, in combination with high-throughput screening to engineer these natural enzymes to perform a novel function or to enhance their activity. This review highlights some of these studies that employ protein-engineering approaches for producing natural products and their derivatives. Specifically, it will cover the modifications of enzymes that are involved in the biosynthesis of the major classes of natural products-polyketides, nonribosomal peptides, terpenoids, and alkaloids. Domain shuffling and module rearrangement methods that have been employed in the past on collinear biosynthetic machineries will not be discussed in this review. The reader is directed to comprehensive reviews that cover these topics in detail [89] .
Engineering polyketide synthases
Polyketide synthases (PKSs) are a family of enzymes responsible for the synthesis of a wide array of natural products, including the cholesterol-lowering lovastatin, the immunosuppressant rapamycin and the anti-bacterial tetracycline [34, 78] . The assembly of the polyketide backbone resembles that of fatty acid synthesis, with major differences in building block utilization, b-carbon reduction patterns and intramolecular cyclization [78] . The programming rules of the PKSs allow them to produce a far more diverse group of compounds relative to the fatty acid synthases (FASs). Understanding of rules governing the different types of PKSs has enabled the engineering of these enzymes towards generation of new compounds.
PKSs are often classified into three classes, loosely based on FAS nomenclature: a) type I PKSs are multidomain megasynthases that act either modularly (as in some bacterial PKSs) [39] or iteratively (as in most fungal PKSs) [16] in order to catalyze successive polyketide chain extensions; b) type II PKSs, on the other hand, consist of discrete monofunctional proteins that are used repeatedly in producing the polyketide backbone [35] ; and c) type III PKSs, most commonly found in plants, are homodimeric enzymes characterized by directly using coenzyme-A (CoA) as acyl carrier instead of a cognate carrier domain/ protein and catalyzing the series of condensation reactions in a single multifunctional active site [6] .
A minimum PKS unit is composed of a b-ketoacyl synthase (KS), an acyltransferase (AT) and an acyl carrier protein (ACP) (except in type III). The KS domain is responsible for the decarboxylative Claisen-like condensation between the growing polyketide and a carboxylated acyl building block to yield an elongated polyketide chain. In type II PKSs, the KS a /KS b heterodimer also dictates the length of the polyketide product [34] . The AT domain selects and transfers activated acyl group, typically from CoA thioesters, to the phosphopantetheinyl arm of the ACP; and therefore safeguards the identity of the polyketide building blocks [12] . In addition, other PKS enzymes or domains such as b-ketoreductase (KR), dehydratase (DH) and enoylreductase (ER) are recruited in different combinations after each chain extension step to modify the b-keto positions [89] . In comparison to fatty acids, in which the b-positions are completely reduced to methylenes, polyketide backbones can be completely unreduced as in the case of aromatic polyketides [19] , or only partially reduced in different permutations such as in the macrolides. An important strategy employed by different PKSs to generate structural diversity is via the incorporation of different starter and extender acyl units [12, 56] . This is attractive in creating structural analogues that are not observed in nature. Additionally, mutational studies aimed at altering the specificity of the chain elongation and reductive steps have also been successfully utilized to generate new derivatives of natural products, some of which have been found to have enhanced bioactivity.
Controlling chain length and substrate specificity One of the key objectives of engineering PKS is to relax the machinery's stringency towards starter unit selection and to alter the product size, which is reflected in the polyketide chain length. Towards this end, Abe et al. performed mutagenesis studies on the active site residues of the type III PKS, aloesone synthase (ALS) from Rheum palmatum, based on homology modeling with the wellknown chalcone synthase (CHS) [5] . Ferrer and his colleagues have previously solved the Medicago sativa CHS crystal structure, which guided the selection of ALS residues for mutation [24] . Despite high sequence similarity, these two enzymes are functionally distinct-ALS naturally selects an acetyl starter unit followed by six condensations with malonyl-CoA to produce the heptaketide aloesone, while CHS loads a bulkier 4-coumaroyl starter unit with three extensions to yield chalcone. Guided by the CHS model, some of the active-site residues in the ALS were mutated to the CHS counterparts, which resulted in production of new compounds with chalcone-like properties [5] . This study also provided insights into the respective roles of gatekeeping residues-Gly256 is important in the selection of the starter unit, Thr197 is involved in controlling the product chain length, while Ser38 is needed to guide the growing chain into the cavity.
Similarly, Abe et al. also mutated the Aloe arborescens pentaketide chromone PKS to produce aromatic polyketides SEK4 and SEK4b, which are octaketide shunt products in actinorhodin biosynthesis [4] . The crystal structures of the wild-type chromone synthase and the M207G mutant that synthesized the octaketides were solved, which showed numerous residues that control product chain length based on sterics [57] . Additional mutations of the bulky tyrosine and phenylalanine residues in the cavity yielded a longer nonaketide naphthopyrone product ( Fig. 1) [3] . Using a similar strategy, Klundt converted a benzophenone synthase (BHS) to a phenylpyrone synthase via the point mutation T135L. This mutation altered both the number of chain extension steps and the cyclization pattern of the resulting polyketide [42] .
Among type II PKSs, which are constituted of discrete monofunctional enzymes, Tang et al. studied the Chain Length Factor (CLF) subunit in the KS/CLF heterodimer [80] . The KS/CLF catalyzes the iterative condensation of malonyl building blocks to yield an unreduced polyketide backbone. By aligning sequences of CLF involved in the synthesis of polyketides of different lengths (from C 16 to C 24 ) and building a homology structure of the actinorhodin KS-CLF, four residues at the heterodimer interface were proposed to be involved in determining the chain length. These residues were noted to become progressively smaller in CLFs that are involved in the synthesis of longer polyketides, and were seen in the structure to define the size of the polyketide cavity. By changing bulkier residues (e.g., phenylalanine) found in C 16 -specific CLF into smaller amino acids, C 20 polyketides were preferentially produced, validating the role of CLF in controlling the number of decarboxylative condensations steps in type II PKS. The roles of these residues were subsequently confirmed by the X-ray crystal structure [38] .
Incorporating different extender unit
The AT domains in PKSs have been engineered toward the biosynthesis of polyketides that contain alternative extender units. For example, Reeves et al. succeeded in changing the specificity of the fourth AT (AT4) in the type I modular PKS 6-deoxyerythronolide B synthase (DEBS) involved in erythromycin biosynthesis from its natural substrate methylmalonyl-CoA to malonyl-CoA [66] . By aligning sequences of ATs with different specificities and modeling to Escherichia coli FabD, three key regions in the active site cleft were identified to discriminate the different extender units. Site-directed mutagenesis on eight different residues in these regions, both individually and in combination, was performed, each time changing the methylmalonyl-specific residues into the malonyl-specific ones. The mutants were introduced into the heterologous production strain Streptomyces lividans and production of the expected 6-desmethyl analogue was observed. While AT swaps have been successfully employed on other DEBS modules to change the extender unit specificity [53] , this strategy failed when performed on AT4.
Altering PKS reduction specificity
The reductive domains of PKSs, such as the KR and ER domains, have different regio and stereospecificities, thus further contributing to the structural diversity of partiallyreduced polyketides. Engineering these domains through mutagenesis is therefore one strategy that can be utilized in the production of analogues with precise modifications in stereochemistry.
The KR domains of DEBS were modeled against the short chain dehydrogenase/reductase (SDR) superfamily by Reid et al. and a putative conserved triad of Tyr, Lys and Ser was identified [67] . Mutagenesis of these residues in KR6 of the truncated DEBS Module6 ? TE (M6 ? TE), followed by in vitro assay using a synthetic diketide precursor showed that the KR was completely inactivated. Subsequently, the same mutations were introduced into KR6 of the full-length DEBS expressed in S. lividans. Each of the mutations, which are K2664Q, S2686A and Y2699F, resulted in the production of the expected 3-deoxy-3-oxo-6-dEB, although only the Y2699F mutation fully inactivated the KR; both the K2664Q and S2686A mutations Fig. 1 Increasing type III PKS product chain length. a The active site cavity of the natural pentaketide chromone synthase (PDB 2D3M). It was shown that M207 dictates the cavity size; b the M207G mutation allowed entrance of the growing polyketide chain to the otherwise inaccessible cavity and led to the formation of the unnatural octaketide (PDB 2D52). Further mutations of the bulky Y82 and F80 residues found at the base of the cavity to alanine yielded the even larger nonaketide [3, 57] J Ind Microbiol Biotechnol (2012) 39:227-241 229 resulted in mixed products. KR deletions have been performed in other DEBS modules that yielded the expected inactivation product [53] ; however, in the case of KR6, it also affected the substrate specificity of the neighboring AT domain leaving the protein less efficient in producing the desired derivative. This is in contrast to the Y2699 mutation that exclusively produced the analogue and had better catalytic properties when tested in vitro. Ding et al. used site-directed mutagenesis to inactivate the KR domain of a 6-methylsalicylic acid synthase (6-MSAS), converting it into a functional orsellinic acid synthase (OSAS) [21] . 6-MSAS differs from OSAS in that a functional KR domain is present. By homology modeling, a conserved tyrosine residue that is part of the catalytic triad was mutated to phenylalanine in the 6-MSAS ChlB1 from the spirotetronate pathway. The host strain bearing the Y1540F ChlB1 mutation was found to accumulate orsellinic acid, demonstrating inactivation of KR did not affect the remaining activities of the PKS. The engineered ChlB1 was reintroduced into the spirotetronate biosynthetic pathway, and the downstream enzymes were able to incorporate the orsellinate into a new spirotetronate analogue with similar bioactivity as the original antibacterial agent.
In addition to inactivation studies, the KR domains have also been engineered to produce analogues with altered stereochemistry. This was demonstrated by Leadlay and coworkers in successfully switching the stereospecificity of DEBS KR1 [7] . Using the synthetic substrate 2-methyl-3-oxopentanoyl-S-N-acetylcysteamine (SNAC), the wildtype KR1 was shown to have strict stereospecificity in the reduction to afford only the (2S,3R)-2-methyl-3-hydroxylpentanoyl product. Comparing KR1 to the downstream KR2 known to have the opposite stereospecificity, nonconserved residues that lie in the active sites were identified. In an accompanying study by O'Hare et al., saturation mutagenesis was performed on each of these residues and a library of KR1 mutants was constructed for product screening [61] . In order to select for active enzymes from this library and narrow down the number of mutants, a high-throughput spectrophotometric method that detected the reduction of trans-1 decalone was performed. The double mutant F141W/P144G was found to completely switch the stereospecificity and to produce the (2S,3S) product exclusively.
Concerning the stereospecificity of the ER domain, Kwan et al. identified a tyrosine residue that can possibly influence the stereochemistry of the a-methylated product, which originates from a methylmalonyl extender unit [46] . From surveying different ER domains with different stereospecificity, a correlation between the presence of a tyrosine residue in the active site and an S a-methyl-containing product was found. Substitution of the tyrosine with other residues, such as the prevalently found valine, resulted in a product with R configuration. To confirm the role of the tyrosine, module 4 ER of DEBS and module 13 ER of rapamycin synthase (RAPS), which have opposite stereospecificities, were studied. The tyrosine to valine mutation in DEBS ER4 switched the stereospecificity of enoylreduction and afforded the product in which the corresponding methyl is in the R configuration. However, the valine to tyrosine mutation in RAPS ER13 was not able to reverse the stereospecificity, suggesting additional residues may be involved. Probing deeper into this subject, Kwan performed mutagenesis on other active site residues in RAPS ER13 and examined individually and in combination the effect on the stereospecificity [45] . When the combination of mutations V46L, V47I, V52Y, and N52P were introduced to match those in DEBS ER4, the desired product with S stereochemistry was observed, albeit in low levels.
Producing polyketide analogues with enhanced bioactivity KR inactivation proved useful in producing analogues of the antifungal polyketide amphotericin B, produced by a type I modular PKS. Using site-directed mutagenesis, the KR domains of module 12 and module 16 were both inactivated by site-directed mutagenesis of the conserved tyrosine residues (Y720F and Y6165F, respectively) [64] . The 16-descarboxyl-16-methyl-amphotericin produced by KR12 inactivation maintained the same antifungal activity as the amphotericin B, while the oxo-derivative from KR16-inactivated PKS was shown to have better activity, enhanced solubility and reduced hemolytic properties. Brautaset et al. performed numerous site-directed mutagenesis studies to investigate the structure-activity-toxicity correlations of nystatin analogs generated from the inactivation of a) nysJ DH15 responsible for the dehydration of C-10 hydroxyl bond; b) nysN, a P450 that putatively oxidizes the C16 methyl; c) nysJ KR16 and KR17 responsible for the reduction at C5 and C7, respectively; and d) some combinations of the above [10] . The nystatin analogue BSG020 (16-decarboxy-16-methyl-28,29-didehydronystatin) displayed enhanced activity over amphotericin B. More recently, the same group performed additional biosynthetic engineering of nystatin analogues to further elucidate structure-to-activity correlations, especially of the polyol region [9] . Double and triple inactivation experiments involving ER5, DH15, nysN and the other P450 monooxygenase nsyL were performed to generate four novel analogues. Notably, the authors found that the C16 methyl that resulted from nysL inactivation was beneficial in improving the activity and in lowering the hemolytic activity.
The same technique was utilized by Kim et al. in producing analogues of geldanamycin, an Hsp90 inhibitor that is a potential chemotherapeutic agent [40] . By inactivation of DH1 via site-directed mutagenesis at the His2041 residue in the seven-module type I PKS, the expected C15-hydroxylated analogue was detected, along with other derivatives that resulted from an intramolecular reaction involving the C15 hydroxyl moiety. This demonstrated that the downstream modules and the tailoring enzymes were tolerant of this structural change originating from the first module. Further mutagenesis of tailoring enzymes, including the monooxygenase Gel7 and the O-carbamoyl transferase Gel8, yielded more analogues of geldanamycin, among which one compound exhibited a near fivefold improvement in Hsp90 ATPase activity.
Engineering non-ribosomal peptide synthetases
Nonribosomal peptide synthetases (NRPSs) are large multimodular enzymes that are capable of catalyzing the formation of peptide bond using aminoacyl adenylates [73, 74] . NRPSs are responsible for the biosynthesis of important bioactive molecules such as penicillin, cyclosporins and vancomycin [70] . Each module of the NRPS has three basic domains: the adenylation domain (A), the thiolation domain (T) and the condensation domain (C) [73] . The adenylation domain activates the amino acid or carboxylic acid that is used as monomers of the NRPS product. The activated substrate is then tethered to the thiolation domain via a phosphopantetheinyl arm. The condensation domain subsequently catalyzes peptide bond formation between the tethered monomeric unit and the growing peptide chain.
Because of the collinear nature of an NRPS assembly line, inactivation of individual domains in the large NRPS can result in the predictive synthesis of unnatural analogues. For example, inactivating the methyltransferase (MT) domain of PchF of the pyochelin synthetase from Pseudomonas aeruginosa resulted in the formation of desmethyl-pyochelin [62] . Similarly, using an engineered E. coli strain that produced echinomycin [87] , Watanabe and coworkers inactivated the MT domain of Ecm7 of the echinomycin NRPS by mutating the conserved glycine residues. When expressed in E. coli, the mutant produced the expected analogue des-N-tetramethyltriostin A (TANDEM) (Fig. 2a) [88] . However, the yield of TANDEM was lower compared to that of triostin A by the wild-type enzyme.
Engineering adenylation domains
The adenylation domain serves as the ''gate-keeper'' of the NRPS by selectively activating a specific amino acid to form an aminoacyl adenylate using ATP [73] . As such, deciphering the selectivity-conferring code of adenylation domains can provide opportunities to generate novel bioactive molecules. A key step in achieving this goal is the acquisition of the crystal structure of PheA, the phenylalanine-activating A domain of GrsA, complexed with phenylalanine and AMP [15] . Using the crystal structure and sequence alignment of the residues in A4-A5 core motifs of other adenylation domains, Stachelhaus et al. identified ten residues that are in the substrate-binding site of PheA. These ten residues, proposed to be the selectivityconferring residues, are conserved among bacterial adenylation domains that activate the same amino acid [75] . Using the data obtained from the sequence alignment and crystal structure, they converted the selectivity of PheA from phenylalanine to leucine via two amino acid substitutions (T278M/A301G). In addition, they also successfully converted an aspartate-activating domain from the surfactin NRPS to an asparagine-activating domain [75] .
Eppelmann and others were able to take this goal one step further by successfully biosynthesizing a full-length peptide from an NRPS with an adenylation domain that possess altered specificity [22] . First, they altered the specificity of the loading module of the surfactin synthetase of Bacillus subtilis from L-glutamate to L-glutamine. In addition, a novel lipoheptapeptide derivative of surfactin with an L-asparagine instead of L-aspartate in position 5 of the peptide was generated (Fig. 2b) .
However, changing the amino-acid specificity of A domains seemed to have unexpected effects on overall NRPS function. Uguru and coworkers attempted to change
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SrfB* SrfC Fig. 2 Protein Engineering of NRPS to produce analogues. a Inactivation of the methyltransferase domain in Ecm7 led to the production of des-N-tetramethyl triostin A by the echinomycin NRPS complex [88] . b The H322E mutation in SrfB switched the specificity of the adenylation domain of Module 5 from L-aspartate to L-asparagine. The mutant surfactin NRPS complex was able to synthesize the corresponding surfactin analogue containing L-asparagine [22] the specificity of the A domain of module 7 of the calciumdependent antibiotics (CDA) peptide synthetase in Streptomyces coelicolor A3(2) from L-aspartate to L-asparagine [81] . While the mutant CDA peptide synthetase was able to synthesize the desired CDA derivative, the yield was considerably lower compared that of the wild-type. Additionally, a majority of the products of the mutant enzyme underwent hydrolysis to form a linear peptide instead, suggesting the terminal cyclization domain has unexpectedly high substrate specificity. In light of the new knowledge from structural and mutational studies of PheA, other groups have attempted to further characterize the selectivity code of adenylation domain. Challis et al. performed an extensive analysis of most of the adenylation domains of known NRPS's to characterize the binding pockets [11] . Using PheA as the model for substratebinding studies, they modeled the interactions of the specificity-conferring residues to different amino acid substrates. This study attempted to predict the selectivity of adenylation domains of unknown function, as well as the optimum mutations required to switch the specificity. From a computational design perspective, Lilien and coworkers applied the K* algorithm in redesigning the selectivity of PheA from phenylalanine to leucine [49] . An improved K* algorithm was later used to improve the selectivity of PheA towards amino acids with charged side chains, such as arginine, lysine, glutamate and aspartate [13] .
Recently, directed evolution approaches were applied to AdmK, which incorporates a valine in the biosynthesis of andrimid, in order to create new andrimid analogues [23] . The mutant library was constructed via saturation mutagenesis of three residues in the A domain of AdmK. The mutants were then expressed in the native host Pantoea agglomerans that lacked the wild-type admK and were screened using LC-MS/MS. Antibiotic activities of the andrimid analogues, including substitutions containing isoleucine, leucine, alanine and phenylalanine, were determined against E. coli. Interestingly, a random R235K mutation introduced during PCR amplification resulted in higher activity and solubility of the NRPS. This residue is predicted to be located in the solvent-exposed portion of the adenylation domain. The authors suggested that residues outside of the selectivity-conferring region could be considered for future directed evolution studies for NRPSs.
Improving yield of chimeric NRPS Domain swapping and module swapping were considered to be of high potential towards the combinatorial biosynthesis of novel NRPS compounds. In fact, derivatives of surfactin were obtained from the adenylation domain swapping [76] , while module swapping was used to successfully synthesize daptomycin derivatives [60] . However, chimeric NRPSs typically have lower activities compared to their wild-type counterparts due to nonnative proteinprotein interactions. Directed evolution was used to improve the activity of a chimeric EntF when the adenylation domain was swapped with a syringomycin synthetase adenylation domain [25] . After two rounds of directed evolution using mutagenic PCR, a mutant with *26-fold improvement in product yield compared to the original chimeric EntF was isolated. The same approach was applied towards the andrimid hybrid NRPS-PKS, in which the adenylation domain of AdmK was replaced with the A domain of CytC1 from Streptomyces sp. RK95-74 that is specific for 2-aminobutyrate. The protein engineering efforts afforded a mutant with significantly increased activity.
Probing modular interactions
Communication-mediating (COM) domains bridge the interactions between the different modules of NRPS. Each donor COM domain recognizes a specific acceptor COM domain [32] . Hahn and coworkers investigated the residues that specify the interactions between the acceptor COM domain of TycC1 (COM TycC1 In addition, Lai and coworkers mapped the residues that allow the interaction of the thiolation domain of EntB with its downstream interacting module EntF in the biosynthesis of enterobactin [47] . Based on structural homology, the T domain surface that interacts with EntB was predicted to be in helix 2 and loop 2/helix 3 region. Mutation of the residues in the region revealed that Phe264 and Ala268 found near the phosphopantetheinylated serine are the most essential residues in the interaction. Two adjacent residues, Met249 and Lys269, were also found to be of moderate importance to the interaction.
Engineering terpene synthases
Terpenes encompass a diverse array of compounds of medical and industrial importance such as cholesterol, the plant pigment lycopene, the antimalarial drug artemisinin and the essential oil 4S-limonene [20, 84] . These compounds share five-carbon dimethylallyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP) as precursors. DMAPP and IPP undergo condensation to form longer isoprenoid units such as geranyl (C 10 ) or farnesyl (C 15 ) diphosphate [20] . Typically, longer isoprenoid units undergo cyclization [30] with the notable exception being the linear C 40 isoprenoid lycopene. The primary goal of protein engineering studies here is to change the cyclization regioselectivity of the enzymes and increasing the product yield.
Changing the cyclization regioselectivity
Monoterpenes
Controlling the cyclization selectivity of monoterpene synthases by protein engineering was shown by Hyatt and others in changing the specificity of (-)-pinene synthase from Abies grandis to (-)-camphene synthase [36] . While mutations of twelve residues led to a significant decrease in product selectivity towards b-pinene, the mutants displayed promiscuity in the synthesis of other products such as a-pinene and camphene.
In order to obtain an enzyme with a better product selectivity, Kampranis and coworkers obtained the structure of Sf-CinS1, the 1,8-cineole synthase from Salvia fruticosa [37] . Using sequence alignment with other plant monoterpene synthase as well as comparison with the structure of bornyl pyrophosphate synthase [90] and domain swapping experiments between the two enzymes [63] , they were able to identify the residues that contribute to the cyclization specificity of Sf-CinS1. Mutation of five residues in Sf-CinS1 completely abolished the production of 1,8-cineole while making sabinene the major product [37] . Asn338 in Sf-CinS1, in particular, contributes to the selectivity of Sf-Cin-S1 towards 1,8-cineole. The structural data from the study of Sf-CinS1 was also utilized by Kohzaki and coworkers to change the selectivity of sabinene synthase from rough lemons [43] . Based on the structural data of Sf-CinS1, Ile338 was mutated to asparagine, which resulted in the increased production of b-pinene.
Sesquiterpene
Sesquiterpenes synthases, in comparison to other terpenes synthases, have been the most frequent targets for protein engineering due to the availability of several X-ray structures such as the tobacco 5-epi-aristolochene synthase (TEAS) [77] , aristolochene synthase from Aspergillus terreus [72] , and epi-isozizaene synthase from Streptomyces coelicolor A3(2) [1] . TEAS, in particular, played an important role in modeling the mode of substrate binding for engineering the Hyoscyamus muticus premnaspirodiene synthase (HPS) [31] , cotton (?)-d-cadinene synthase [101] , and c-humulene synthase from A. grandis [100] .
Aaron and coworkers, using the X-ray structure of epi-isozizaene synthase (EIZS), identified the residues necessary for controlling cyclization specificity [1] . The structure of EIZS bound with a substrate homolog revealed that the carbocation intermediate is stabilized by cation-p interaction with aromatic residues in the binding pocket. Mutation of these aromatic residues led to the production of alternatively cyclized sesquiterpenes. For instance, changing Phe198 to alanine resulted in a shift of selectivity towards b-farnesene and b-acoradiene. Meanwhile, the W203F mutation caused the production of Z-c-bisabolene, a sesquiterpene not produced by the wild-type enzyme. Additionally, the F198A mutant led to a more promiscuous distribution of product [1] .
In the absence of structural data from the enzyme, successful manipulation of product selectivity was still achieved for enzymes that use a homologous protein as a guide. For example, HPS was converted to epi-aristolochene synthase by mutation of eight residues predicted to be in the binding pocket using epi-aristolochene synthase as a model structure [31] . TEAS was also converted to premnaspirodiene synthase by nine amino acid substitutions, albeit with lower selectivity compared to wild-type HPS.
Another example of rational design based on homolog modeling is the engineering of c-humulene synthase (GHS) from A. grandis [100] . Wild-type GHS, known to have an extremely promiscuous product profile, synthesizes 20 different sesquiterpene products, among them are a-longipinene, siberene and c-humulene [79] . Thus, it is an attractive target to test whether a promiscuous terpene cyclase can be engineered to have more product selectivity. Using TEAS as the model, Yoshikuni and coworkers identified 19 putative ''plasticity residues'' that were targeted for saturation mutagenesis. Surprisingly, the mutation of one amino acid residue in GHS (W315P) was sufficient to dramatically increase the selectivity of the enzyme and to create an E-b-farnesene/Z-E-a-farnesene synthase [100] . Several other new sesquiterpene synthases were isolated using this approach that have a more selective product profile, such as b-bisabolene synthase, longifolene synthase and siberene synthase. Moreover, a mutant with more selectivity toward c-humulene compared to the wild-type was also isolated. This study offered a glimpse of the potential for improving or completely altering the selectivity of promiscuous cyclases.
Another work by Yoshikuni and coworkers utilized both rational design and directed evolution to convert the selectivity of (?)-d-cadinene synthase towards germacrene D-4-ol (Fig. 3) [101] . Mutant synthases were fused to a C-terminal chloramphenicol acyltransferase (CAT) to select against mutations that cause protein insolubility. The preliminary selection eliminated a large number of inactive mutants. The remaining mutants were then screened using GC-MS for an increased germacrene-D-4-ol to (?)-dcadinene ratio. After two rounds of error-prone PCR, the double mutant N403K/L405S has 93% product selectivity towards germacrene-D-4-ol compared to *0.1% in the wild-type enzyme. To explain the switching of product selectivity towards germacrene-D-4-ol, Yoshikuni and coworkers modeled the binding of farnesyl hydroxyl phosphate (FHP) in the enzyme and revealed Phe400, Asn403, Leu405 play important roles in protecting the substrate carbocation from solvent exposure.
Diterpenes
Most of the investigation in the cyclization mechanism of diterpene synthase, in particular those that utilize copalyl diphosphate as an intermediate, was done by the Peters group. Surprisingly, they were able to switch the cyclization pattern of copalyl diphosphate by mutating a threonine or serine residue in six different diterpene cyclases [58, 91, 97] . In all of these cases, the presence of a polar threonine or serine in the binding pocket stabilizes the cation and prevents further cyclization or rearrangement of the diterpene. OsKSL5i, an iso-kaur-15-ene synthase from Oryza sativa, was converted to an ent-primardiene synthase by the T664I mutation. In addition, the ent-pimara-8(14),15-diene synthase OsKSL5j displayed a broader product profile upon T661I mutation and was able to produce isokaur-15-ene, atiser-16-ene and kaur-16-ene in a 50:37:13 ratio [97] . Similarly, switching Ala723 to serine in A. grandis abietadiene synthase (AgAs) resulted in the ''short-circuiting'' of the cyclization reaction, preventing the conversion of isopimar-15-en-8-yl cation to isopimar-8(14)-en-15-yl cation. Primardienes, the products that go through the isopimar-15-en-8-yl cation but not isopimar-8(14)-en-15-yl cation as an intermediate, are therefore the only diterpenes produced by the A723S AgAs mutant [91] . Moreover, the T696I mutation in syn-pimara-7,15-diene synthase (OsKSL4) from Oryza sativa resulted in the production of the four-ringed aphidicol-15-ene [58] .
Sterols
Sterols, formed from the cyclization of triterpenes, are comprised of steroid hormones and cellular membrane components such as cholesterol. Studies done in changing the specificity of sterol cyclase include work by Dang and Prestwich, where they mutated the 376 DDTAVV 381 motif in squalene-hopene cyclase (SHC) to 376 DCTAEA 381 [18] . While the mutant was unable to convert squalene to hopene, it can cyclize 2,3-oxido-squalene to the pentacyclic hop-22(29)-en-3a-ol and hop-22(29)-en-3b-ol. Moreover, the mutant also produced the monocylic 3a-achilleol A and achilleol. Füll and others mutated the conserved tyrosine residues in the binding site of SHC of Alicyclobacillus acidocaldarius and terminated the later cyclization steps to form bicyclic triterpenes a-polypodatetraene and c-polypodatetraene [27] .
The Matsuda group utilized directed evolution to convert the cycloartenol synthase from Arabidopsis thaliana (AthCAS1) to a lanosterol synthase [50, 54, 71] . The lanosterol synthase mutants were screened through the complementation of yeast with a non-functional lanosterol synthase [54] . To further improve the selectivity of the AthCAS1 H477N mutant isolated from the directed evolution study, a H477N/I481V double mutant was constructed. The resulting mutant can cyclize 2,3-oxidosqualene to lanosterol with essentially no side products [50] . In addition to a lanosterol synthase, they also changed AthCAS1 to a parkeol synthase through a H477Q mutation [71] . Similarly, protostadienol synthase from Aspergillus fumigatus was converted to a lanosterol synthase by conversion of 702 
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708 to 702 NKSCAIS 708 [41] . As for the Saccharomyces cerevisiae oxidosqualene-lanosterol cyclase, a single amino acid mutation (F699T) was sufficient to convert the enzyme to a protosta-13(17),24-dien-3b-ol cyclase [94] . For more information regarding this subject, we recommend the review on triterpene cyclization by Abe [2] . [101] . The residues that were mutated over the course of directed evolution are labeled, most of which are located in the G-helix region between Phe397 and Ser417
Carotenoids
An extensive review has been published by Umeno and others on the studies in changing the product specificity of carotenoid biosynthetic enzymes [83] . Color assays of produced pigments were usually used to identify mutant enzymes. This enabled the high throughput screening of mutant libraries constructed by random mutagenesis [82, 86] .
Umeno, using directed evolution, changed the number of desaturation steps in a C 35 carotenoid pathway constructed in E. coli [82] . Using the same approach, phytoene desaturase from Rhodobacter sphaeroides was mutated to catalyze an additional desaturation step to form lycopene [85] . Another method of diversifying carotenoid production in heterologous host is by changing the number of cyclizations in the carotenoids. Using gene shuffling, Schmidt-Dannert and others constructed a chimeric phythoene desaturase that produced a linear 3,4,3 0 ,4 0 -tetradehydrolycopene, as well as the cyclic torulene [69] . Moreover, an L488H mutation in A. thaliana lycopene e-cyclase resulted in the formation of two epsilon rings [17] .
Improving product yield
An approach to improve the production of terpenoid is by protein engineering of enzymes responsible for biosynthesis of common isoprenoid precursors such as geranylgeranyl diphosphate. Wang et al. used error-prone PCR and staggered extension process to create a mutant library of geranylgeranyl diphosphate synthase (GPPS) [86] . Using visual inspection and UV-Vis spectroscopy, mutants that have increased GGPPS activity and lycopene production levels were isolated. In contrast, Mijts and coworkers engineered the C 30 carotenoid oxygenase from Staphylococcus aureus using directed evolution to increase the production of oxygenated linear C 30 and C 40 carotenoids [55] .
While directed evolution is the preferred method to improve enzyme activity in terpenoid biosynthesis, Yoshikuni and coworkers developed a more direct approach to change the number of glycine and proline residues in 3-hydroxy-3-methylglutaryl-CoA reductase (tHMGR) to enhance the synthesis of mevalonate, a precursor to IPP and DMAPP [99] . By sequence alignment to related enzymes, they identified conserved glycine and proline residues and switched the non-conforming amino acids to match the consensus sequence. Similarly, the glycines and prolines that did not align were altered via saturation mutagenesis at that site. The resulting tHMGR-G9 with nine mutated residues displayed 2.5-to 3-fold increases in production of mevalonate compared to the wild-type tHMGR.
Leonard and others, meanwhile, used a combination of metabolic engineering and protein engineering to increase levopimaradiene production in an engineered E. coli strain [48] . The levopimaradiene synthase substrate-binding cavity was modeled based on the structure of paralogous LPS-type enzymes such as abietadiene synthase from A. grandis and Picea abies and isopimardiene synthase from P. abies. Moreover, the activities of GGPPS and levopimaradiene synthase were improved by 1.7-and 5-fold respectively using directed evolution [48] .
Engineering alkaloid synthases
Monoterpenoid-derived indole alkaloids such as camptothecin and vinblastine are among the largest and most pharmacologically diverse alkaloid families in plants [44] . Strictosidine synthase, which catalyzes the Pictet-Spengler condensation between tryptamine and secologanin, is involved in the biosynthesis of important indole alkaloids such as reserpine, camptothecin and vinblastine [98] . The Stöckigt group solved the structures of both the native strictosidine synthase [52] and its substrate-bound derivative [51] in order to determine the key residues that control substrate specificity. Subsequent mutation of Val208 to alanine in Rauvolfia serpentina strictosidine synthase relaxed the specificity of the enzyme while maintaining its enantioselectivity. The mutant was able to convert substituted tryptamines such as 5-methyltryptamine, 5-fluorotryptamine, and 6-fluorotryptamine, together with secologanin into substituted strictosidine analogues. Bernhardt and coworkers developed a method to rapidly identify mutants with relaxed substrate selectivity in Catharanthus roseus strictosidine synthase [8] . They first developed a colorimetric assay that reported enzyme activities with alternate substrates. A N-terminal yeast mating a signal sequence was then fused to the strictosidine synthase to facilitate the transport of the enzyme to the culture media. With this in place, a mutant library generated from the saturation mutagenesis of Val171, Val214, Phe232, and Glu31 was screened, leading to the isolation of the V214M mutant that accepts 5-bromotyptamine (Fig. 4) . In addition, they also found that a F232L mutant that utilizes (2 0 R)-tryptophanol as substrate. Chen and others modeled the binding of secologanin to C. roseus strictosidine synthase to predict the residues that control the selectivity of the enzyme to secologanin (Fig. 4) [14] . The D177A mutant was able to accept derivatives of secologanin, albeit with lower selectivity compared to the natural substrate.
Engineering tailoring enzymes
The diversity of natural products synthesized by the different classes of biosynthetic machineries is further increased by the action of tailoring enzymes. These enzymes decorate the natural product scaffold with various functional groups that are often essential for the observed bioactivity of the final compounds. Enzymes such as acyltransferases, glycosyltransferases, and oxygenases are frequently found in various combinations in a biosynthetic pathway. Protein-engineering approaches have been applied to these enzymes to either improve the catalytic activities or more importantly, broaden the substrate specificity towards unnatural natural products [102] .
Acyltransferases
Acyltransferases catalyze the transfer of an acyl group from a donor substrate to a nucleophilic site (for example, amine or hydroxyl) on an accepting substrate. Oftentimes, it is desirable to express and purify acyltransferases from a heterologous host in order to investigate their functionality. One common problem hampering these studies is the lack of soluble and functional protein, which can result from unfavorable interactions between surface-exposed residues and water. In studying the specificity of the plant 2-Obenzoyltransferase from Taxus cuspidate towards different acyl substrates, Nawaranthe et al. first improved the solubility of the protein, which was initially expressed as nonfunctional inclusion bodies [59] . By homology modeling to other functionally defined AT orthologoues and to the solved crystal structure of a related vinorine synthase, they identified two key residues, Glu19 and Asn23, that deviated from the consensus sequence and were also found to lie in the exposed regions of the protein. Using site-directed mutagenesis to incorporate the Q19P and N23K mutations, they obtained a fivefold improvement in its solubility, which enabled them to further probe the specificity of this acyltransferase.
Besides solubility, protein engineering has also been performed to improve the catalytic activity of acyltransferases, as in the case of LovD, an enzyme involved in lovastatin biosynthesis [29] . LovD was previously shown to mediate the transfer of the acyl group from the lovastatin diketide synthase LovF, as well as from the small molecule substrate a-dimethylbutyryl-S-methyl-mercaptopropionate, to monacolin J, and yielding either lovastatin or the semisynthetic simvastatin [96] . Gao and coworkers used multiple rounds of directed evolution via error-prone PCR and saturation mutagenesis to enhance its catalytic efficiency, thermal stability and solubility. They coupled these methods to a screen based on an agar-diffusion assay, where simvastatin production inhibited the growth of embedded spores of Neurospora crassa. After seven rounds of directed evolution, a mutant that displayed 11-fold increase in whole-cell activity in simvastatin synthesis was recovered. A fifth-round mutant was crystallized and the X-ray structure was compared to that of the wildtype LovD. It was proposed that mutations led to conformation changes of the enzyme and stabilized the active site in a configuration that is more favorable for catalysis.
Glycosyltransferase
The ligation of deoxysugars to the natural product aglycon is an essential step in introducing bioactivity to the final molecules. Therefore the corresponding glycosyltransferases are valuable in the synthesis of analogues containing altered glycosylation patterns. Most of the studies are focused on expanding the substrate specificities of the enzymes to be more promiscuous. A prime example is the expansion of both the donor and acceptor specificities of the oleandomycin glycosyltransferase, OleD, that naturally transfers uridine diphosphoglucose (UDP-Glc) to the oleandomycin aglycon to form the glucosylated product [93] . By performing several rounds of directed evolution, a ''universal glycosyltransferase'' that can transfer fifteen different deoxysugars onto eight different acceptor molecules, including the natural substrate oleandomycin, 4-methylumbelliferone and novobiocic acid, etc., was isolated (Fig. 5) . This paved the way for glycorandomization of several natural products via pairing of different deoxysugars and aglycons. The various monosaccharide substrates that were accepted by the P67T/A242V/S132F triple mutant are shown in Fig. 5b . Gantt and coworkers further probed the aglycon specificity of these OleD mutants by testing 137 different drug-like acceptors, more than half of which were glycosylated [28] .
In a more focused approach, Williams and his coworkers isolated an OleD mutant that specifically and efficiently glycosylates novobiocic acid to produce novobiocin [92] . Using ''hot spot'' saturation mutagenesis on the sequence Fig. 4 Protein engineering of the Catharanthus roseus strictosidine synthase (PDB 2VAQ). Active site of the enzyme is shown here with the labeled residues mutated to increase substrate promiscuity. Phe232 and Val214 mutations enabled the enzyme to accept tryptamine derivatives [8] , while the Asp177 mutation led to the acceptance of secologanin derivatives [14] previously identified to be involved in the acceptor promiscuity, they obtained a glycosyltransferase mutant with several 100-fold improvement in catalytic activity. In a similar manner, Ramos and coworkers mutated several residues in the elloramycin glycosyltransferase, a moderately promiscuous enzyme, in order to make it more specific towards glycosylation of the important antitumor drug, elloramycin [65] .
Oxygenases
Oxidative modification on natural products is another important tailoring step, and can lead to drastic changes in product polarity and structure, as well as installing sites for further enzymatic modifications such as acylation and glycosylation. Nature uses different types of oxygenases, including flavin-dependent, cytochrome P450, and a-ketoglutarate/iron-dependent enzymes, to catalyze a variety of redox modifications, such as hydroxylation, epoxidation and Baeyer-Villiger oxidative cleavages, etc. [68] . Several cytochrome P450 oxygenases have been engineered to date, the main goals of which are to process a wider array of substrates, to enhance the catalytic activity and to alter the enantioselectivity. Xiang et al. succeeded in relaxing the substrate specificity of the EryF P450 by mutation of Ala245 to the highly conserved threonine found among its homologs [95] . The conserved threonine residue among this family P450s is believed to participate in the O-O bond scission step during catalysis, and its absence in EryF is compensated by the 5-hydroxl group in the substrate. With the A245T mutation, this strict substrate constraint is eliminated and conferred EryF promiscuity towards a much wider array of substrates. For example, the mutant catalyzed the efficient oxidation of testosterone in the 1-, 11a, 12-and 16a positions, activities that were not observed with the wild-type.
Zocher and his coworkers solved the X-ray crystal structures of four isoforms of the P450 AurH involved in the synthesis of aureothin [103] . AurH catalyzes the twostep reaction including an initial hydroxylation at C7, Fig. 5 Protein engineering of a ''universal'' glycosyltransferase. a The wild-type OleD catalyzes the transfer of glucose from UDP-Glu to oleandomycin. b A triple mutant P67T/S132F/ A242V, OleD*, isolated via directed evolution using the fluorescent 4-methylumbelliferone as the aglycon acceptor was able to transfer a wide array of sugar substrates (denoted as U(T)DP-X) [93] J Ind Microbiol Biotechnol (2012) 39:227-241 237
followed by heterocyclization to yield the tetrahydrofuran ring. Structural insights guided mutational studies to characterize residues involved in the stereospecific oxidation reaction. By analyzing the ''open'' and ''closed'' (inhibitor-bound) conformations of the enzyme, as well as modeling substrate docking, Ser66 and Asn91 were predicted and confirmed to undergo conformational changes to accommodate the binding of both deoxy and hydroxyaureothin substrates to the active site. Interestingly, in an effort to understand the roles of other residues lining the binding site, two mutants, F89W and T239F were found to have altered regiospecificity. The mutants selectively oxidized the C9a methyl instead of the natural C7 methyl into a carboxylic acid.
Future outlook
Protein engineering has been an extremely powerful tool in the field of metabolic engineering and biocatalysis. Its utility in natural product biosynthesis towards production of unnatural compounds is emerging and will undoubtedly expand. With the accumulating wealth of genomic, structural and biochemical information on natural product biosynthetic pathways from different organisms, the use of protein engineering, in combination with other tools such as genome mining and synthetic biology, will improve the prospects of combinatorial biosynthesis in green chemistry and drug discovery.
